Ehrlichiae are obligatory intracellular, Gram-negative bacteria which belong to the alpha subclass of the phylum Proteobacteria and are responsible for infectious diseases of humans. Little is known about genetics and genomic organization of Ehrlichia spp. The genome sizes of four representatives of the genus Ehrlichia were determined for the first time by pulsed field gel electrophoresis. The sizes for E. sennetsu, E. risticii, E. chaffeensis (strain Arkansas and strain 91HE17), and the HGE agent were 878.5 kb, 880.3 kb, 1225.8 kb, 1262.3 kb and
Introduction
Ehrlichiae belong to the family Rickettsiaceae and are obligate intracellular, Gram-negative bacteria, their known invertebrate hosts and vectors are ticks or nematodes. Ehrlichial species are mammal pathogens replicating primarily in the cytoplasmic vacuoles of vascular endothelial cell or circulating blood cells such as platelets, erythrocytes, monocytes or granulocytes [1, 2] . Until recently, E. sennetsu was the only species known to infect humans [1] , but since 1986 human monocytic ehrlichiosis caused by E. cha¡eensis and human granulocytic ehrlichiosis caused by HGE have been described [3^5] .
Taxonomy within the genus Ehrlichia has been based largely on morphology, type of vertebrate host, host-cell tropism, and serology. Sequence comparison of the 16S rRNA gene, con¢rmed by groESL sequence [6] , classi¢ed ehrlichiae among the alpha subclass of the Proteobacteria close to the members of the genus Rickettsia. The Ehrlichia clade also includes the genera Neorickettsia, Cowdria, Anaplasma and the species Wolbachia pipientis [2] . Four genogroups have been de¢ned within this clade (Fig. 1) . Tick-associated bacteria, E. canis, E. cha¡eensis, E. muris, E. ewingii, and Cowdria ruminantium are included in the ¢rst genogroup. The second genogroup includes E. phagocytophila, E. equi, E. platys, E. bovis, an unnamed agent of human granulocytic ehrlichiosis (HGE) and Anaplasma marginale (erythrocytic bacterial parasites of bovines) which are also tick-associated. The third genogroup includes E. sen-netsu, E. risticii, SF agent [7] , and Neoricketsia helminthoeca which appear to be associated to nematodes. The fourth genogroup is composed of W. pipientis and related to insect-borne intracellular endosymbionts which determine various sex ratios in the progeny of their infected hosts which include insects and crustacea. The major antigenic composition of Ehrlichia is correlated with genogroup clustering as there is a high antigenic cross-reactivity within each group and signi¢cant di¡erences between groups [1, 8, 9] . Ehrlichiae are di¤cult to investigate due to their strict intracellular position. This could explain why only few genes were cloned and sequenced and why no information about the organization of the ehrlichial genome is currently available. Several ehrlichial isolates have recently been adapted to in vitro culture allowing a more detailed study of this genus [4, 5] . The purpose of this work was the genome size determination for the representatives of three ehrlichial genogroups, namely E. sennetsu, E. risticii, E. cha¡eensis and the HGE agent using pulse ¢eld gel electrophoresis (PFGE).
Materials and methods
The bacterial strains studied are listed in Table 1 . All strains except the HGE agent were propagated on DH-82 canine macrophage cell line obtained from G. Dash (Naval Medical Research Institute, Bethesda) at 37³C without supplemental CO P . Culture medium consisted of minimal essential medium (MEM) (GibcoBRL Life Technologies SARL, Cergy Pontoise, France) supplemented with 12% heat-inactivated fetal calf serum (Gibco) and 1% L-glutamine (Gibco). The HGE agent was cultivated in HL-60 (ATCC CCL-240) cell line with CO P . Culture medium contained RPMI 1640 medium (Gibco) supplemented with 2% bovine fetal serum and 2% L-glutamine. Cell infection was monitored by Di¡-Quik staining (Baxter Dade AG, Dudingen, Switzerland). Both cell lines and all ehrlichial cultures were mycoplasma negative when tested using Mycoplasma Detection Kit (Boehringer Mannheim GmbH, Mannheim, Germany). Puri¢cation of ehrlichial cultures was performed according to Chen et al. [8] .
Plug preparation and restriction of individual plugs for PFGE were performed according to Schwartz and Cantor [10] . PFGE migration was performed in a contour-clamped homogeneous electric ¢eld system (CHEF DRII; Bio-Rad Laboratories, Richmond, CA, USA) at 14³C in 0.5UTBE, pH 8. Three molecular size markers were used: the low range PFG marker (0.13 to 194 kb), the lambda ladder PFG marker (48.5 to 10 818 kb), and the yeast chromosome PFG marker (225 to 1900 kb) (New England BioLabs, Beverly, MA 01915, USA). Di¡erent migration conditions were used depending on the length of the DNA fragments according to Roux and Raoult [11] . At least three independent digestions were performed with each restriction endonuclease for each isolate. Estimation of the band size and of the number of the identically sized fragments inside a given band were performed using the Imager Apparatus (APPLIGENE, Illkrich, France) and the QGEL-1D program (Quantigel Corporation, Madison, WI, USA).
PCR ampli¢cation of 16S rRNA gene of E. chaffeensis strains Arkansas and 97HE17 was performed using the fD1-rp2 primer pair [12] . 16S rRNA gene sequences were determined and compared with data reported by Dumler et al. [5] . 
Results and discussion
G+C% have not been previously determined for any representative of the genus Ehrlichia. Endonucleases therefore were tested ¢rst at random and then chosen in relation to the results of the preliminary experiments. BamHI, BssHII, MluI, NaeI, NruI, PstI, RsrII, SalI, and XbaI generated a large number of small fragments (less than 50 kb) that could not be resolved with the DNA of E. sennetsu. BssHII, MluI, NruI, PacI, RsrII, and SalI formed too many restriction fragments with the DNA of E. risticii. NotI and S¢I cleaved only the chromosomal DNA of the HGE agent and E. sennetsu respectively. Enzymatic digestion of the HGE agent DNA with BssHII, EagI, SacII, and SmaI, as well as with DraI and PacI, generated too many small fragments. E. cha¡eensis DNA was digested only with the enzymes listed in Table 2 . EagI did not cleave DNA of E. cha¡eensis strain 91HE17, but cleaved that of the Arkansas strain. The endonucleases chosen for genome size calculation, the sizes of the DNA fragments obtained by PFGE and calculated genome sizes are listed in Table 2 . Digestion pro¢les of ehrlichial DNAs are presented in Figs. 2 and 3A and B.
Restriction patterns di¡ered signi¢cantly between the E. cha¡eensis strain 91HE17 and the Arkansas strain. We therefore con¢rmed their identity by 16S rDNA sequence comparison. Received sequences for both strains were completely identical with the published sequence of the Arkansas strain. The nucleotide polymorphism (in positions 744 and 883) reported for strain 91HE17 [5] was not reproducible.
Mean genome size determined by the summation of the sizes of the linear fragments produced by endonuclease digestion was about 1244 kb for E. chaffeensis (1225.8 kb for Arkansas strain and 1262.3 kb for strain 91HE17), 1494 kb for the HGE agent, 880.3 kb for E. risticii and 878.5 kb for E. sennetsu.
We determined for the ¢rst time the genome size of Ehrlichia species. The estimated sizes of ehrlichial chromosomes were among the smallest known, being similar to those of other intracellular bacteria, i.e. Rickettsia species [11, 13] , A. marginale [14] , and Chlamydia species [15] . This observation is in line with theory that, through increased parasitism of host-cell metabolism, obligate intracellular bacteria do not require many of the gene products of their free-living ancestors, and that these redundant genes have been lost [16] . Our data showed that the representatives of di¡erent genogroups di¡ered signi¢-cantly in the size of their entire genome ( Table 2) .
Chromosomes of E. sennetsu and E. risticii, the smallest ones, were almost identical in size. This con¢rmed the close relations between these two species which have been clustered on phylogenetic and serologic data [1] . The genome size of the HGE agent was estimated to be larger than that of the other ehrlichiae studied. The genome size of E. cha¡eensis was intermediate between that of HGE agent and E. sennetsu, but was identical to that of A. marginale [14] , which was not included in the same genogroup. Recent determination of C. ruminantium genome size (about 1900 kb) which di¡ered from that of E. chaffeensis con¢rmed the heterogenicity in the genome size for the representatives of the same ehrlichial genogroup [17] . The two studied E. cha¡eensis strains had almost the same genome size, but demonstrated signi¢cant polymorphism in their restriction patterns ( Table 2 , Fig. 3 ). At the same time the genotypic study of Arkansas and 91HE17 strains revealed a high percentage of similarity in 16S rRNA and groESL gene sequence (99.9% and at least 99.8% respectively). A slight di¡erence was found only in the 6A1 monoclonal antibody epitope site [5] . In the future, it will be interesting to study by PFGE di¡er-ent ehrlichial isolates of the same species in order to appreciate the real sensibility of this tool in intraspecies diversity determination. PFGE data for di¡erent members of the genus Ehrlichia will be a valuable resource for the future determination of a physical map for the entire genome of ehrlichia. The sequencing of ehrlichial genomes will explain the di¡erence in their size and comparison with other genomes will contribute the understanding of the physiopathology and evolution of intracellular bacteria.
